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Abstract 
 
We study the electromagnetic wave propagation in the joint dilaton field and axion 
field. Dilaton field induces amplification/attenuation in the propagation while axion 
field induces polarization rotation. The amplification/attenuation induced by dilaton is 
independent of the frequency (energy) and the polarization of electromagnetic waves 
(photons). From observations, the agreement with and the precise calibration of the 
cosmic microwave background (CMB) to blackbody radiation constrains the 
fractional change of dilaton |Δψ|/ψ to less than about 8 × 10−4 since the time of the last 
scattering surface of the CMB. 
 
Keywords: Classical electrodynamics, Dilaton field, General Relativity, Equivalence 
principle, Axion field, Skewon field 
 
 2 
 
1. Introduction 
 
The concept of metric in Minkowski’s spacetime formulation [1] of special 
relativity together with the proposal of Einstein Equivalence Principle [2] facilitated 
the genesis of general relativity. While metric field is the basic dynamical entity of 
gravity in general relativity, Einstein Equivalence Principle (EEP) dictates the 
coupling of gravity to matter. In putting Maxwell equations into a form compatible 
with general relativity, Einstein noticed that the equations can be formulated in a form 
independent of the metric gravitational potential in 1916 [3, 4] shortly after his 
completion of general relativity with further developments worked out by Weyl [5], 
Murnaghan [6], Kottler [7] and Cartan [8]. In this introduction, we first review the 
premetric formulation of electromagnetism and then address to the issue of 
construction of the core metric, the dilaton field and the axion field from the 
nonbirefringent wave propagation. 
 
1.1. Premetric formulation of electromagnetism 
 
Maxwell equations in terms of field strength Fkl (E, B) and excitation (density) 
Hij (D, H) do not need metric as primitive concept. Field strength Fkl (E, B) and 
excitation Hij (D, H) can all be independently operational defined (See, e. g., Hehl and 
Obukhov [9]). Maxwell equations of macroscopic/spacetime electrodynamics 
expressed in terms of these quantities are 
 
                Hij,j = − 4π Ji,                                  (1a) 
                eijklFjk,l = 0,                                    (1b)                  
 
where Jk is the charge 4-current density and eijkl the completely anti-symmetric tensor 
density with e0123 = 1 (See, e. g., Hehl and Obukhov [9]). We use units with the light 
velocity c equal to1. To complete this set of equations, one needs the constitutive 
relation between the excitation and the field:  
 
                Hij = (1/2) χijkl Fkl.                               (2) 
 
Both Hij and Fkl are antisymmetric, hence χijkl must be antisymmetric in i and j, and k 
and l. Therefore the constitutive tensor density χijkl has 36 independent components. A 
general linear constitutive tensor density χijkl in electrodynamics can be decomposed 
into principal part (P), axion part (Ax) and skewon part (Sk) [9]: 
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     χijkl = (P)χijkl + (Sk)χijkl + (Ax)χijkl,    (χijkl = − χjikl = − χijlk)            (3) 
 
with 
 
     (P)χijkl = (1/6)[2(χijkl + χklij ) − (χiklj + χljik) − (χiljk + χjkil)],            (4a) 
     (Ax)χijkl = χ[ijkl] = φ eijkl,                                      (4b) 
     (Sk)χijkl = (1/2) (χijkl − χklij ).                                   (4c) 
 
Decomposition (3) is unique. The principal part has 20 degrees of freedom. The 
axion part has one degree of freedom. The skewon part has 15 degrees of freedom. 
The skewon field was proposed by Hehl, Obukhov and Rubilar [10, 11] and has been 
studied extensively [12-19]. In a recent paper [17], we have studied the 
electromagnetic wave propagation and the observational constraint on the skewon 
field in the weak field limit. We found that the CMB spectrum measurement gives 
very stringent constraint on the Type I skewons. From the dispersion relation we show 
that no dissipation/no amplification condition implies that the additional skewon field 
must be of Type II. For Type I skewon field, the dissipation/amplification is 
proportional to the frequency and the CMB spectrum would deviate from Planck 
spectrum in shape. From the high precision agreement of the CMB spectrum to 2.755 
K Planck spectrum, we constrain the Type I cosmic skewon field |(SkI)χijkl| to ≤ a few × 
10−35.  
In the skewonless case, the well-observed nonbirefringence condition in the 
astrophysical/cosmological propagation constrains the spacetime constitutive tensor 
density χijkl to a core metric plus dilaton field and axion field very stringently.  
The axion part of the constitutive tensor gives pseudoscalar-photon interaction 
[20]. This pseudoscalar-photon interaction has been studied in detail in [21, 22]. It 
induces CPR (Cosmic Polarization Rotation). The astrophysical and cosmological 
constraints on CPR and, hence, on axion field are reviewed in [23-26]. In macroscopic 
electrodynamics, Hehl, Obukhov, Rivera and Schmid [27] have studied and clarified 
that the chromium sesquioxide Cr2O3 crystal is an axionic medium. Their paper has 
explicitly demonstrated that the four-dimensional pseudoscalar φ (4b) exists in 
macroscopic electrodynamics. In view of the existence of axionic material [27], 
searching for dilatonic material and skewonic material in macroscopic 
electrodynamics would also be interesting. 
 
1.2. Derivation of spacetime structure from premetric electrodynamics 
 
The issue here is that how to (with what conditions can we) reach a metric or, 
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owing to conformal invariance, how to reach a Riemannian light cone (a core metric 
up to conformal invariance) from the constitutive tensor. This issue has been studied 
rather thoroughly in the skewonless case, i.e. in the case χijkl is symmetric under the 
exchange of the index pairs ij and kl. In this case, the Maxwell equations can be 
derived from the Lagrangian density L (= LI
(EM) + LI
(EM-P)) with the electromagnetic 
field Lagrangian density LI
(EM) and the field-current interaction Lagrangian density 
LI
(EM-P) given by 
 
LI
(EM) = − (1/(8π))Hij Fij = − (1/(16π))χijkl Fij Fkl,              (5) 
LI
(EM-P) = − Ak Jk,                                                          (6) 
 
where χijkl = χklij = −χjikl is a tensor density of the gravitational fields or matter fields to 
be investigated, Ai the electromagnetic 4-potential, Fij ≡ Aj,i − Ai,j the electromagnetic 
field strength tensor and comma denoting partial derivation [20, 28]. We note that 
only the part of χijkl which is symmetric under the interchange of index pairs ij and kl 
contributes to the Lagrangian density, and hence, there is no skewon contribution.  
One way to reach a core metric for spacetime constitutive tensor is through 
Galileo weak equivalence. In 1970s, we started from Galileo’s Equivalence Principle 
and derived its consequences for an electromagnetic system whose Lagrangian 
density is LI
(EM) + LI
(EM-P) + LI
(P) where LI
(EM) and LI
(EM-P) are defined in (5) & (6) and 
the particle Lagangian density LI
(P) defined as − ΣI mI (dsI)/(dt) δ(x−xI) with mI the 
mass of the Ith (charged) particle and sI its 4-line element from the metric gij [20, 28]. 
The result is that the constitutive tensor density χijkl can be constrained and expressed 
in metric form with additional pseudoscalar (axion) field φ:  
 
χijkl = (−g)1/2[(1/2)gik gjl − (1/2)gil gkj] + φeijkl,                  (7) 
 
where gij is the inverse of gij and g = det (gij). Thus the particle metric gij induces the 
constitutive tensor density χijkl and generates the light cone for electromagnetic wave 
propagation. We notice that the axion field does not contribute to the ray propagation 
in the lowest-order eikonal approximation [29-33].     
However, there are two aspects of this derivation which are not quite satisfying. 
First, the constitutive tensor must match the particle metric in a certain way from the 
Galileo’s Equivalence Principle: the metric is not constructed directly from the 
constitutive tensor. This is not quite satisfying from the theoretical point of view. 
Second, the Galileo’s Equivalence Principle is only verified to high precision for 
unpolarized test bodies. The tests on polarized bodies which include polarized 
electromagnetic energy are not very precise. This is not quite satisfying from 
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experimental point of view. Noticing that the pulses from pulsars propagating in the 
galactic gravitational field arrive at earth at the same time independent of polarization, 
i.e., are nonbirefringent, we began to use the nonbirefringence condition as a starting 
point in the later part of 1970’s [29-31]. This would be satisfying in two aspects. First, 
the equal-time arrival of pulses independent of polarization can be formulated as a 
statement of Galilio’s Equivalence Principle for photons and is therefore theoretically 
satisfying. Second, the nonbirefringence is tested to high precision with pulses from 
pulsars and is therefore experimentally satisfying. From the non-birefringent 
propagation in spacetime to high precision, we constrain the constitutive tensor 
density to core metric form and construct the light cone of electromagnetic wave 
propagation with an additional scalar (dilaton) field ψ and an additional pseudoscalar 
(axion) field φ [29-31]. The theoretical condition for no birefringence (no splitting, no 
retardation) for electromagnetic wave propagation in all directions is that the 
constitutive tensor density χijkl can be written in the following form 
 
χijkl = (−h)1/2[(1/2)hik hjl − (1/2)hil hkj]ψ + φeijkl,                   (8) 
                                             
where hij is a metric constructed from χijkl (h = det (hij) and hij the inverse of hij) which 
generates the light cone for electromagnetic wave propagation [29-32]. We 
constructed the relation (8) in the weak-violation/weak-field approximation of the 
Einstein Equivalence Principle (EEP) and applied to pulsar observations in 1981 
[29-31]; Haugan and Kauffmann [32] reconstructed the relation (8) and applied to 
radio galaxy observations in 1995. After the cornerstone work of Lämmerzahl and 
Hehl [33], Favaro and Bergamin [34] finally proved the relation (8) without assuming 
weak-field approximation (see also Dahl [35]). Polarization measurements of 
electromagnetic waves from pulsars and cosmologically distant astrophysical sources 
yield stringent constraints agreeing with (8) down to 2×10-32 fractionally (for a review, 
see [25, 26]). 
The complete agreement with EEP for photon sector requires (i) no birefringence; 
(ii) no polarization rotation; (iii) no amplification/no attenuation in spacetime 
propagation. With no birefringence, any skewonless spacetime constitutive tensor 
must be of the form (8) as we just reviewed in the last paragraph. In the next section, 
we show that with the condition of no polarization rotation and the condition of no 
amplification/no attenuation satisfied, the axion φ and the dilaton ψ should be 
constant respectively. That is, no varying axion field and no varying dilaton field 
respectively; the EEP for photon sector is observed; the spacetime constitutive tensor 
is of metric-induced form only. Thus we tie the three observational conditions to EEP 
and to metric-induced spacetime constitutive tensor in the photon sector. This is 
aesthetic and more satisfying. Previously we have worked out the condition on 
polarization rotation for axion field [21, 25, 26]. In the next section, we work out the 
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no amplification/no attenuation condition for dilaton field. 
To tie the light cone metric to matter metric, we need Hughes-Drever-type 
experiments and Eötvös-type experiments on matter bodies with various proportions 
of electromagnetic energy contents and other energy contents [29, 31, 36]. These 
kinds of experiments have been done to ultra-precision in the laboratory and will also 
be done to even higher precision in space. Eötvös-type experiments also test the 
variation of dilaton field. The current upper limit from Eötvös-type experiments on 
the variation of dilaton field in the earth environment and in the solar system is about 
10−10 in terms of relevant gravitational potential [25].  
    In section 2, we study the electromagnetic wave propagation in the dilaton field 
and the axion field with the constitutive tensor given by 
 
χijkl = (−g)1/2[(1/2)gik gjl − (1/2)gil gkj]ψ + φeijkl.                 (9) 
 
In section 3, we study the cosmic constraints on the dilaton field from CMB spectrum 
observations. In section 4, we give a few comments and present an outlook.  
 
2. Wave propagation and the dispersion relation in dilaton and axion field 
 
    In this section, we derive the electromagnetic wave propagation and the 
dispersion relation in dilaton and axion field. Let us begin with the general problem of 
wave propagation in electrodynamics (1a,b) with constitutive relation (2) for 
explaining and fixing the scheme. The sourceless Maxwell equation (1b) is equivalent to 
the local existence of a 4-potential Аi such that 
 
Fij = Аj,i − Аi,j,                            (10) 
   
with a gauge transformation freedom of adding an arbitrary gradient of a scalar 
function to Аi. The Maxwell equation (1a) in vacuum with (3) is then 
 
(χijklAk,l),j = 0.                            (11) 
       
Using the derivation rule, we have 
 
χijklAk,l,j + χijkl,j Ak,l = 0.                      (12) 
 
 (i) For slowly varying, nearly homogeneous field/medium, and/or (ii) in the 
eikonal approximation with typical wavelength much smaller than the gradient scale 
and time-variation scale of the field/medium, the second term in (12) can be neglected 
compared to the first term, and we have  
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χijklAk,lj = 0.                         (13) 
 
This approximation is usually called the eikonal approximation. In this approximation, 
the dispersion relation is given by the generalized covariant quartic Fresnel equation 
(see, e.g. [9]). It is well-known that axion does not contribute to this dispersion 
relation [9, 25, 26, 29-33]. Dilaton does not contribute to this dispersion relation either. 
The generalized Fresnel equation is algebraic and homogeneous in the wave covector. 
Since the dilaton only gives a multiplicative scalar factor in the equation, it does not 
change the dispersion relation. 
     To derive the influence of the dilaton field and the axion field on the dispersion 
relation, one needs to keep the second term in equation (12). This has been done for 
the axion field in references [21, 25, 26, 37, 38, 39]. Here we develop it for the joint 
dilaton field and axion field. Near the origin in a local inertial frame, the constitutive 
tensor density in dilaton field ψ and axion field φ [equation (9)] becomes 
 
χijkl(xm) = [(1/2) ηik ηjl − (1/2) ηil ηkj] ψ(xm) + φ(xm) eijkl + O(δijxixj),        (14) 
 
where ηij is the Minkowski metric with signature −2 and δij the Kronecker delta. In the 
local inertial frame, we use the Minkowski metric and its inverse to raise and lower 
indices. Substituting (14) into the equation (12) and multiplying by 2, we have 
 
ψ Ai,jj + ψ Aj,ij + ψ,j Ai,j − ψ,j Aj,i + 2 φ,j eijkl Ak,l = 0.           (15) 
 
We notice that (15) is both Lorentz covariant and gauge invariant. 
We expand the dilaton field ψ(xm) and the axion field φ(xm) at the 4-point (event) 
P with respect to the event (time and position) P0 at the origin as follows:  
 
ψ(xm) = ψ(P0) + ψ,i(P0) xi + O(δijxixj),                      (16a) 
 
φ(xm) = φ(P0) + φ,i(P0) xi + O(δijxixj).                      (16b) 
 
To look for wave solutions, we use eikonal approximation which does not neglect 
field gradient/medium inhomogeneity. We choose z-axis in the wave propagation 
direction so that the solution takes the following form: 
 
А  (А0, А1, А2, А3) = (А0, А1, А2, А3) eikz-iωt = Аi eikz-iωt.           (17) 
 
We expand the solution as 
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Аi = А(0)i + А(1)i + O(2) = [А(0)i + А(1)i + O(2)] eikz-iωt = Аi eikz-iωt.        (18) 
 
Now use eikonal approximation to obtain a local dispersion relation. In the 
eikonal approximation, we only keep terms linear in the derivative of the dilaton field 
and the axion field; we neglect terms containing the second-order derivatives of the 
dilaton field or the axion field, terms of O(δijxixj) and terms of mixed second order, e.g. 
terms of O(А(1)i x
j) or O(А(1)I ψ,j); we call all these terms O(2). 
Imposing radiation gauge condition in the zeroth order in the weak field/dilute 
medium approximation, we find to zeroth order, (15) is 
 
             ψ A(0)i,jj = 0, or A(0)i,jj = 0,                         (19) 
 
and the corresponding zeroth order solution and the dispersion relation are 
 
        А(0)i = (0, А(0)1, А(0)2, 0) = А(0)i eikz−iωt =(0, А(0)1, А(0)2, 0) eikz−iωt,         (20a) 
 
ω = k + O(1).                            (20b) 
 
Substituting (19) and (20a,b) into equation (15), we have 
 
ψ A(0)i,jj + ψ A(1)i,jj + ψ A(1) j,ij + ψ,j A (0)i,j − ψ,j A(0)j,i + 2 φ,j eijkl A(0)k,l = 0 + O(2).  (21) 
 
The i = 0 and i = 3 components of (21) give 
 
ψ A(1)0,jj + ψ A(1) j,0j + ψ,j A (0)0,j − ψ,j A(0)j,0 + 2 φ,j e0jkl A(0)k,l = 0 + O(2),     (22a) 
ψ A(1)3,jj + ψ A(1) j,3j + ψ,j A (0)3,j − ψ,j A(0)j,3 + 2 φ,j e3jkl A(0)k,l = 0 + O(2).     (22b) 
 
Noticing that A(0)0 = A(0)3 = 0 from (20) and that A(1)0,
j
j = −(ω2 − k2) A(1)0 = O(1) × A(1)0 
= O(2), we have 
 
A(1)j,j
0 = ψ−1 ( ψ,j A(0)j,0 – 2 φ,j e0jkl A(0)k,l ) + O(2),           (23a) 
A(1)j,j
3 = ψ−1 ( ψ,j A(0)j,3 – 2 φ,j e3jkl A(0)k,l ) + O(2).           (23b) 
 
Noting that taking the derivative with respect to the upper index 0 (upper index 3) is 
to multiply by –iω (ik), we simplify (23a) and (23b); they both give to the same 
equation 
 
A(1)j,j = – ψ−1 (ψ,1 – 2 φ,2) A(0)1 – ψ−1 (ψ,2 + 2 φ,1) A(0)2 + O(2).      (24) 
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Since equation (24) does not contain ω and k, it does not contribute to the 
determination of the dispersion relation. We regard equation (24) as the modified 
Lorentz gauge condition in the O(1) order in the dilaton field and the axion field.  
Using the gauge condition (24), we obtain the i = 1 and i = 2 components of 
equation (21) as 
 
(ω2 − k2) А(0)1 – i k А(0)1 ψ−1 (ψ,0 + ψ,3) – 2 i k А(0)2 ψ−1 (φ,0 + φ,3) = 0 + O(2),  (25a) 
(ω2 − k2) А(0)2 – i k А(0)2 ψ−1 (ψ,0 + ψ,3) + 2 i k А(0)1 ψ−1 (φ,0 + φ,3) = 0 + O(2).  (25b) 
 
These two equations determine the dispersion relation. To have a nontrivial solution, 
we must have the following determinant vanishes: 
 
         
(ω2 − k2) – i k ψ−1 (ψ,0 + ψ,3)      – 2 i k ψ−1 (φ,0 + φ,3) 
det                   
2 i k ψ−1 (φ,0 + φ,3)       (ω2 − k2) – i k ψ−1 (ψ,0 + ψ,3) 
  = [ (ω2 − k2) – i k ψ−1 (ψ,0 + ψ,3)]2 – 4 k2 ψ−2 (φ,0 + φ,3)2 = 0 + O(2).         (26) 
 
Equation (26) is the dispersion relation in the dilaton field and the axion field. Its 
solutions in ω2 are 
 
    ω2 = k2 – i k ψ−1 (ψ,0 + ψ,3) ± 2 k ψ−1 (φ,0 + φ,3) + O(2).              (27) 
 
The solutions in ω or k are 
 
      ω = k – (i/2) ψ−1 (ψ,0 + ψ,3) ± ψ−1 (φ,0 + φ,3) + O(2),  or           (28a) 
k = ω + (i/2) ψ−1 (ψ,0 + ψ,3) ± ψ−1 (φ,0 + φ,3) + O(2).              (28b) 
 
The group velocity is  
 
                            vg = ∂ω/∂k = 1,                         (29) 
 
independent of polarization. When the dispersion relation is satisfied, (25a) and (25b) 
have two independent solutions for the polarization eigenvectors А(0)i = (А(0)0, А(0)1, 
А(0)2, А(0)3) with 
 
    А(0)0 =0;                                                  (30a) 
    А(0)1/ А(0)2 = [2 i k ψ−1 (φ,0 + φ,3)]/ [(ω2 − k2) – i k ψ−1 (ψ,0 + ψ,3)]  
    = [2 i k ψ−1 (φ,0 + φ,3)]/ [± 2 k ψ−1 (φ,0 + φ,3)] = ± i;       (30b) 
    А(0)0 =0,                                                  (30c) 
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for ω = k – (i/2) ψ−1 (ψ,0 + ψ,3) ± ψ−1 (φ,0 + φ,3) + O(2) respectively. From (30b), the two 
polarization eigenstates are left circularly polarized state and right circularly polarized state in 
varying axion field. This agrees with the electromagnetic wave propagation in axion field as 
derived earlier [21, 25, 26, 37, 38, 39].  
With the dispersion (28), the plane-wave solution (17) propagating in the 
z-direction is 
 
А  (А0, А1, А2, А3) = (0, А(0)1, А(0)2, 0) eikz-iωt  
= (0, А(0)1, А(0)2, 0) exp[ikz – ikt ± (−i) ψ−1 (φ,0 t + φ,3 z) − (1/2) ψ−1 (ψ,0 t + ψ,3 z)],    (31) 
  
with А(0)1 = ± i А
(0)
2. The additional factor acquired in the propagation is exp[± (−i) ψ−1 
(φ,0 t + φ,3 z)] × exp[−(1/2)ψ−1 (ψ,0 t + ψ,3 z)]. The first part of this factor, i.e., the axion factor 
exp[± (−i) ψ−1 (φ,0 t + φ,3 z)] adds a phase in the propagation. The second part of this factor, 
i.e., the dilaton factor exp[− (1/2) ψ−1 (ψ,0 t + ψ,3 z)] amplifies or attenuates the wave 
according to whether (ψ,0 t + ψ,3 z) is less than zero or greater than zero. For the right 
circularly polarized electromagnetic wave, the effect of the axion field in the 
propagation from a point P1 = {x(1)
i} = {x(1)
0; x(1)
μ} = {x(1)
0, x(1)
1, x(1)
2, x(1)
3} to another 
point P2 = {x(2)
i} = {x(2)
0; x(2)
μ} = {x(2)
0, x(2)
1, x(2)
2, x(2)
3} is to add a phase of α = ψ−1 
[φ(P2) − φ(P1)] ( φ(P2) − φ(P1) for ψ  1) to the wave; for left circularly polarized 
light, the effect is to add an opposite phase (Ni 1973). Linearly polarized 
electromagnetic wave is a superposition of circularly polarized waves. Its polarization 
vector will then rotate by an angle α. The effect of the dilaton field is to amplify with 
a factor exp[− (1/2) ψ−1 (ψ,0 t + ψ,3 z)] = exp[− (1/2) ((ln ψ),0 t + (ln ψ),3 z)] = 
(ψ(P1)/ψ(P2))
1/2. The dilaton field contributes to the amplitude of the propagating 
wave is positive or negative depending on ψ(P1)/ψ(P2) > 1 or ψ(P1)/ψ(P2) < 1 
respectively. 
For plane wave propagating in direction nμ = (n1, n2, n3) with (n1)2 + (n2)2 + (n3)2 
= 1, the solution is  
 
А(nμ)  (А0, А1, А2, А3) = (0, А1, А2, А3) exp(−i knμxμ−iωt) 
= (0, А1, А2, А3) exp[−iknμxμ – ikt ±(−i)ψ−1(φ,0 t − nμφ,μnνxν) – (1/2) ψ−1(ψ,0t + nμψ,μnνxν)],  (32) 
 
where Аμ = А(0)μ + nμnνА(0)ν with А(0)1 = ± i А(0)2 and А(0)3 = 0 as in (31). 
    The above analysis is local. In the global situation, choose local inertial frames 
along the wave trajectory and integrate along the trajectory. Since ψ is a scalar, the 
integration gives (ψ(P1)/ψ(P2))
1/2 as the amplification factor for the propagation in the 
dilaton field. For small dilaton field variations, the amplification/attenuation factor is 
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equal to [1 − (Δψ/ψ)] to a very good approximation with Δψ  ψ(P2) − ψ(P1). Since 
this factor does not depend on the wave number/frequency and polarization, it will not 
distort the source spectrum in propagation, but gives an overall 
amplification/attenuation factor to the spectrum. The axion field contributes to the 
phase factor and induces polarization rotation as in previous investigations [21, 25, 26, 
37, 38]. For ψ  1 (constant), the induced polarization rotation agrees with previous results 
which were obtained without considering dilaton effect. If the dilaton field varies significantly, 
a ψ-weight needs to be included in the integration.  
 
3. Constraints on cosmic dilaton field 
 
In this section we look into the observations/experiments to constrain the dilaton 
field contribution to spacetime constitutive tensor density. From equation (31) and (32) 
in the last section, we have derived that the amplitude and phase factor of propagation 
in the cosmic dilaton and cosmic axion field is changed by 
 
         (ψ(P1) / ψ(P2))1/2 exp[ikz – ikt ± (−i) (φ(P1) − φ(P2))t]. 
 
The effect of dilaton field is to give amplification (ψ(P1) − ψ(P2) > 0) or attenuation 
(ψ(P1) − ψ(P2) < 0) to the amplitude of the wave independent of frequency and 
polarization.   
The spectrum of the cosmic microwave background (CMB) is well understood to 
be Planck blackbody spectrum. In the cosmic propagation, this spectrum would be 
amplified or attenuated by the factor (ψ(P1) / ψ(P2))1/2. However, the CMB spectrum 
is measured to agree with the ideal Planck spectrum at temperature 2.7255 ± 0.0006 K 
[40] with a fractional accuracy of 2 × 10−4. The spectrum is also red-shifted due to 
cosmological curvature (or expansion), but this does not change the blackbody 
character. The measured shape of the CMB spectra does not deviate from Planck 
spectrum within its experimental accuracy. In the dilaton field the relative increase in 
power is proportional to the amplitude increase squared, i.e., ψ(P1)/ψ(P2). Since the 
total power of the blackbody radiation is proportional to the temperature to the fourth 
power T4, the fractional change of the dilaton field since the last scattering surface of 
the CMB must be less than about 8 × 10−4 and we have 
 
|Δψ|/ψ  4 (0.0006/2.7255)  8 × 10−4.                   (33) 
 
Direct fitting to the CMB data with the addition of the scale factor ψ(P1)/ψ(P2) would 
give a more accurate value. 
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4. Discussion and outlook 
 
In section 3, we conclude that the dilaton field is constrained by the agreement and 
accurate calibration of cosmic microwave background (CMB) to blackbody radiation 
so that the fractional change |Δψ|/ψ of dilaton since the last CMB scattering surface is 
less than 8 ×  10−4. This completes our study for the EEP for the photon sector in the 
χ-framework (constitutive tensor framework) in the skewonless case. In the following, 
we highlight a few points and discuss various issues to be studied further. 
 (i) Just like axionic degree of freedom in spacetime/medium gives polarization 
rotation in the electromagnetic wave propagation independent of frequency (energy) 
and the state of linear polarization, the dilatonic degree of freedom gives 
amplification/attenuation in the electromagnetic wave propagation independent of 
frequency (energy) and polarization. 
(ii) In the constitutive tensor density approach to spacetime structure of 
electromagnetism, from experiments/observations for the photon sector there are three 
steps to construct the core metric and to constrain the remaining scalar/pseudoscalar 
degrees of freedom empirically: (a) from the nonbirefringence in electromagnetic 
wave propagation, we reach the core metric plus dilaton plus axion structure; (b) from 
the no amplification/attenuation in the electromagnetic wave propagation independent 
of frequency (energy) and polarization, the dilaton degree of freedom can be 
constrained; and (c) from the no polarization rotation independent of frequency 
(energy) and the state of linear polarization in the electromagnetic wave propagation, 
the axionic degree of freedom can be constrained. To the extent these three steps are 
successful, Einstein Equivalence Principle would be verified or new physics would be 
discovered. 
(iii) In (ii), (a) is the fundamental step. It does not depend on metrology and 
standard. It only depends on coincidence. This is the most important step. In (ii), (c) 
needs a local inertial frame as reference frame to measure the angle of polarization 
rotation [23]. The constraints on CPR angle  and axion field φ from the UV 
polarization observations of radio galaxies are about a couple of degree (0.03 rad). 
Those from the CMB polarization observations [23-26] are about 0.02 for CPR mean 
value |<α>| and 0.03 for the CPR fluctuations <(α − <α>)2>1/2. More precise 
constraints/measurements from PLANCK Surveyor are expected soon. In (ii), (b) 
needs metrology system and standards to establish the amplitude measurement 
accuracy. This is guaranteed by the Universality of Metrology and Standards which is 
an alternate statement of the Einstein Equivalence Principle [41]. The experimental 
constraint of (b) gives empirical supports to the Universality of Metrology and 
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Standards in the cosmic scale. To the extent the dilaton field varies, the metrology 
depends on position and time as noted by Dicke [42]. Nontrivial dilaton field may 
also related to the possibility of the variability of vacuum impedance or the variability 
of the fine structure constant [43]. 
(iv) In the laboratory, dilaton field is constrained by the ultra-precision 
Eötvös-type and Galileo-type WEP experiments. The fractional variation of dilaton 
field is constrained to less than about 10−10 fractionally. Space experiments will 
improve on the precision. This compliments the cosmic constraint on dilaton field. 
(v) In the very early universe, dilaton is sometimes postulated to explain the 
inflation. The implication of these inflation models to the subsequent evolution of 
dilaton field to the last scattering surface and thereafter should be thoroughly 
investigated as it could be assessable to experimental tests 
(vi) In view of the existence of axionic material [27], searches for dilatonic 
material in macroscopic electrodynamics would also be interesting and would foster 
mutual interactions in the two fields. This study may also find application in 
macroscopic electrodynamics in the case inhomogeneous media which contain a 
dilatonic degree and an axionic degree of freedom in their constitutive tensor density. 
(vii) For slowly varying, nearly homogeneous field/medium, and/or in the lowest 
eikonal approximation with typical wavelength much smaller than the gradient scale 
and time-variation scale of the field/medium, the second term in (12) can be neglected 
compared to the first term. For inhomogeneous field/medium, and/or in the higher 
eikonal approximation, the second term in (12) cannot be neglected. A thorough study 
of the dispersion generalizing the method used here would be warranted. 
(viii) Since gravity is universal, in previous papers [44, 45], we have explored the 
foundations of classical electrodynamics using χ-framework. In this paper, we have 
looked more into the dilaton field in comic propagation. This contributes to improved 
cosmological tests of classical electrodynamics. 
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